Protein kinase A (PKA) has been suggested to be spatially regulated in migrating cells due to its ability to control signaling events that are critical for polarized actin cytoskeletal dynamics. Here, using the fluorescence resonance energy transfer-based A-kinase activity reporter (AKAR1), we find that PKA activity gradients form with the strongest activity at the leading edge and are restricted to the basal surface in migrating cells. The existence of these gradients was confirmed using immunocytochemistry using phospho-PKA substrate antibodies. This observation holds true for carcinoma cells migrating randomly on laminin-1 or stimulated to migrate on collagen I with lysophosphatidic acid. Phosphodiesterase inhibition allows the formation of PKA activity gradients; however, these gradients are no longer polarized. PKA activity gradients are not detected when a non-phosphorylatable mutant of AKAR1 is used, if PKA activity is inhibited with H-89 or protein kinase inhibitor, or when PKA anchoring is perturbed. We further find that a specific A-kinase anchoring protein, AKAP-Lbc, is a major contributor to the formation of these gradients. In summary, our data show that PKA activity gradients are generated at the leading edge of migrating cells and provide additional insight into the mechanisms of PKA regulation of cell motility.
Cell motility is controlled by a complex network of signals that are initiated by binding to the extracellular matrix. Understanding the biochemical mechanisms that control cell migration is necessary for better comprehension of processes like wound healing, embryonic development, and angiogenesis as well as cancer metastasis (1) . PKA 3 is an important regulator of cell signaling and various biological functions (2) (3) (4) . Previous studies have shown that cell motility is delicately controlled by synthesis and breakdown of cAMP through its effects on PKA. PKA regulates key signaling events that are critical for actin cytoskeletal remodeling and cell polarization during migration, including control of the activation states of RhoA, Rac, cdc42, Pak, and c-Abl. For example, PKA is known to inhibit the activation of RhoA, whereas it is required for the activation of Rac1, two proteins that are spatially regulated during cell migration. Therefore, it has been suggested that PKA activity in migrating cells is spatially regulated (5) (6) (7) (8) (9) . The mounting evidence for the formation of cAMP/PKA gradients and their influence over directed cell motility is compelling. To conclusively determine that PKA activity gradients exist, the visualization of these gradients in single cells is needed to determine the nature of gradients and the mechanisms governing how they are formed.
The compartmental action of cAMP was suggested over three decades ago (10, 11) and has hence been shown to mediate the precise spatiotemporal control of its effectors (12) (13) (14) (15) . Tight control of cAMP levels is governed by the coordinated actions of cyclic nucleotide phosphodiesterases (PDEs) and adenylyl cyclases. Gradients of cAMP and, thus, PKA activity are expected to exist in a cell. This idea is based, most simplistically, on the fact that cAMP is generated by membrane-bound adenylyl cyclases and broken down by cytosolic PDEs; that is, the two arms of cAMP metabolism are spatially separated. Further compartmentalization of PKA activity also occurs as a result of the anchoring of PKA and cAMP-specific PDEs to A-kinase anchoring proteins (AKAPs), which has been demonstrated in a variety of cell types (16, 17) . The anchoring of PKA occurs typically through the binding of the type II regulatory (RII) subunits to AKAPs where the relative levels of PDE activity and cAMP generated regulate the regional activity of PKA. PKA anchoring, in addition to cAMP synthesis and degradation, is believed to control spatial signaling of PKA (14, 15) . Until recently, we have lacked both the model systems and technology to adequately study the possibility that cAMP/PKA activity gradients exist. We and others (5) (6) (7) (8) have established that polarization and migration of cells are dependent on cAMP synthesis and breakdown. Here, we sought to demonstrate the existence of cAMP/PKA gradients in single migrating cells using the fluorescence resonance energy transfer (FRET)-based PKA biosensor A-kinase activity reporter (AKAR1) and determine how signaling components that regulate PKA activity, including cAMP synthesis, PDEs, and PKA anchoring, affect the formation of these gradients.
EXPERIMENTAL PROCEDURES
Cell Transfection and Treatments-Clone A colon carcinoma cells were grown to 70% confluence in RPMI plus 10% fetal calf serum before transfection with AKAR1, a non-phosphorylatable (S475A) mutant of AKAR1 (courtesy of Dr. Jin Zhang, Department of Pharmacology, Johns Hopkins University) (18) , pECFP only, or pEYFP (BD Biosciences) constructs (16 g/10-cm dish) using Lipofectamine TM 2000 reagent (Invitrogen). At 24 h post-transfection cells were detached by trypsinization and washed 3 times with RPMI medium containing 0.25 mg/ml bovine serum albumin. Cells (1 ϫ 10 6 cells/ml) were treated for 30 min with either 1 mM IBMX, 25 M forskolin, 15 M H-89, or 20 M myristoylated protein kinase inhibitor (PKI) or for 5 min with 5 M stHt31 or stHt31P (negative control for stHt31) as indicated. Cells were then plated onto coverslips coated with laminin-1 (10 g/ml) in the presence of drug for 55 min at 37°C. Cells were then fixed for 20 min at room temperature with 4% paraformaldehyde, 10 mM PIPES, pH 6.8, 2 mM EGTA, 2 mM MgCl 2 , 7% sucrose, 100 mM KCl, 50 mM NaF, and 10 mM sodium pyrophosphate. Coverslips were then mounted with MOWIOL mounting medium (Calbiochem). Cells with recombinant protein expression levels high enough to give good fluorescence signal in lamellae were chosen for analysis.
For experiments using MDA-MB-231 cells, cells were grown to 70% confluence, suspended by trypsinization, and plated onto collagen-coated coverslips in serum-free Dulbecco's modified Eagle's medium containing 0.25 mg/ml of bovine serum albumin for 2-3 h. Cells were then stimulated with 100 nM lysophosphatidic acid (LPA) for 15 min or left untreated before fixation.
FRET Image Collection-Images were obtained using a Zeiss LSM-510 META confocal microscope with a 63ϫ, 1.4 numerical aperture oil immersion objective (Optical Imaging Laboratory, University of Texas Medical Branch). The images where collected using two lines of excitation (458 and 514 nm, argon ion laser) and two different channels of emission. The intensity of fluorescence of cyan fluorescent protein (CFP) after CFP excitation at 458 nm (donor signal, I DD ) was obtained using a 470 -500-nm bandpass filter. The intensity of fluorescence of yellow fluorescent protein (YFP; acceptor signal, I AA ) after excitation of YFP at 514 nm and the fluorescence intensity of FRET signal (raw FRET signal, I DA ) after excitation at 458 nm were measured using a 530 -570-nm filter. All images were collected using 4-frame Kallman-averaging with a pixel time of 1.60 s, a pixel size of 90 ϫ 90 nm (scan zoom of 2 and a frame size of 792 ϫ 792 pixels), and an optical slice of 0.8 m. Because of the cell to cell variability of AKAR1 expression levels, the detector gains and the amplifier offsets were adjusted as needed to maximize the range of signal for each channel; however, the ratios between the gains of the three channels were kept constant. For each imagining session, the same collection conditions were used for cells expressing AKAR1 constructs, YFP, or CFP.
Image Processing-Images were imported into Metamorph software (Molecular Devices, Downingtown, PA) for processing. Initially, background was subtracted from all images based on the signal of non-cellular regions, and a low-pass filter was applied using a 5 ϫ 5 kernel to improve the signal-to-noise ratio (19) . To obtain a corrected FRET image (Fc), we processed the raw FRET image (I DA ) to compensate for nonspecific signals in the FRET channel, such as channel cross-talk due to the spectral overlap between CFP and YFP, defined by the equation Fc ϭ I DA -aI AA -dI DD (20 -22) , where a and d represent crosstalk correction coefficients. The Fc values were then divided by the acceptor emission after direct acceptor excitation (I AA ) yielding the normalized FRET index (Fc/YFP), as proposed by van Rheenen et al. (19) , which permitted the acquisition of higher resolution images under the conditions used here. These calculations correct for nonspecific signals present in specified channels, normalize for expression of the reporter construct throughout the cell, and render a FRET index independent of laser fluctuations (23) . The cross-talk coefficients (a and d) were calculated using images collected from cells expressing either CFP (donor) or YFP (acceptor) alone. Coefficient a was obtained from the ratio of I DA over I AA for acceptor-only samples, whereas the coefficient d was obtained from the ratio of I DA over I DD for donor-only samples. For each imaging session, averages of coefficients a and d were calculated from at least 25 non-saturated regions using at least two different cells and three different sets of gains (note that there was no significant difference noted between the coefficients calculated at the different gains provided that the ratio between the gain intensities for the individual channels was kept constant). The constants were then used to calculate sensitized emission of the Fc for images collected on the same day. The Fc values were then normalized to the local concentration of construct using acceptor emission and reported as a ratio (Fc/YFP) as reported previously (19) . For each cell analyzed, the average pixel intensity of Fc/YFP signal versus distance in microns was plotted such that the last distance point represents the edge of the cell, which represents the FRET gradient. For experiments involving siRNA-treated cells, the slopes of multiple line scans were calculated, averaged, and reported in a histogram plot (untreated, n ϭ 20; non-targeting siRNA, n ϭ 19; AKAP-Lbc siRNA number 3, n ϭ 11, and number 5, n ϭ 9). The slopes were taken from the last 90 pixels (equivalent to 8 m) of each line scan, where the gradients of Fc/YFP are consistently found in untreated cells. This approach was used to standardize the distance analyzed from the leading edge to the cell body and to avoid selection bias. For all data cells shown represent cells from at least two coverslips and a minimum of three separate experiments.
PKA Assays-Active PKA was assessed by pseudosubstrate affinity precipitation of cell lysates, as described (24) . Briefly, cells were plated on laminin-coated dishes in the presence of select inhibitors and then harvested in a hypotonic buffer and gently sonicated. A portion of cleared lysates (1 part) was set aside as a loading control, and the remaining lysate (10 parts) was incubated with beads conjugated to glutathione S-transferase-PKI fusion protein for 30 min at 4°C and then rinsed. Glutathione S-transferase-PKI (active)-bound PKA and lysate controls (10% total) were then immunoblotted for the PKA catalytic subunit (BD Transduction Laboratories). Several exposures were analyzed and quantified by digital capture of luminescence using a Fluorochem TM 8900 luminescent imager (Alpha Innotech) to ensure that signals remain in the linear range.
Small Interference RNA Treatment-Suspended cells (3 ϫ 10 6 ) were electroporated with 16 g of AKAR1 alone or in conjunction with 200 nM siRNA specific for AKAP-Lbc (AKAP13) or a control (non-targeting) sequence (Dharmacon, Inc.) as reported previously (25) . Individual sequences for AKAP-Lbc are UCAACAGACUCACUAAAUAUU (number 3) and GGAA-GAAGCUUGUACGUGAUU (number 5). Cells were then kept in normal growth medium for 48 h and then assessed for target gene expression using immunoblot analysis, PKA-FRET, or cell migration.
Immunoblotting-Cells were harvested using radioimmune precipitation assay buffer (150 mM NaCl, 0.5 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 50 mM TrisHCl, pH 7.4) containing 15 g/ml protease inhibitor mixture (Sigma Aldrich) and 1 mM phenylmethanesulfonyl fluoride. Total protein was then electrophoresed on a 7.5% SDS-PAGE and transferred to nitrocellulose. The membrane was cut, blocked with 5% nonfat dry milk, and then probed for either AKAP-Lbc (1:5000 dilution, rabbit polyclonal, VO-96, supplied by Dr. Ben Pedroja, Vollum Institute/OHSU) or ␤-tubulin (1:1000 dilution, rat monoclonal antibody 1864, Chemicon).
Migration Assays-For laminin haptotaxis assays the lower compartments of Transwell chambers (6.5-mm diameter, 8-m pore size; Costar) were coated with 15 g/ml laminin-1. Cells (1 ϫ 10 5 ) suspended in RPMI/ bovine serum albumin were added to the upper chamber and incubated at 37°C for 4 h. Cells were removed from the upper chamber with a cotton swab, and migrated cells on the lower membrane surface were fixed, stained with crystal violet, and quantified visually as described previously (26) .
Immunocytochemistry-Cells were fixed for 10 min at room temperature with 4% paraformaldehyde, 10 mM PIPES, pH 6.8, 2 mM EGTA, 2 mM MgCl 2 , 7% sucrose, 100 mM KCl, 50 mM NaF, and 10 mM sodium pyrophosphate, rinsed in phosphate-buffered saline (PBS) for 20 min, permeabilized with 0.5% Triton X-100 in PBS, and then rinsed. Cells were incubated in block solution (3% bovine serum albumin, 1% normal goat serum in phosphate-buffered saline) for 30 min and then incubated overnight with 1:100 dilution of phospho-PKA substrate (RRXS/T) monoclonal antibody (100G7, Cell Signaling Technologies) in block solution at 4°C. After three 10-min phosphate-buffered saline washes, cells were incubated with either Alexa 594-or Alexa 488-conjugated secondary, rinsed, mounted with MOWIOL mounting medium (Calbiochem), and imaged by confocal microscopy.
Statistics-Pairwise comparisons between AKAR-transfected versus each of the non-targeting (NT) and siRNA groups were carried out using the two-sample t test. Normality and equal variance assumptions were assessed, and log transformation was employed as necessary before conduct of the parametric tests.
RESULTS
To determine the spatial distribution of PKA activity in migrating cells, we utilized the previously characterized AKAR1 single-molecule FRET sensor (18) . AKAR1 contains a modified Kemptide sequence that can be phosphorylated by PKA and the phosphoamino acid binding domain of 14-3-3, which binds to this phosphorylated sequence. These domains are flanked by CFP and YFP that display FRET upon binding of the phosphorylated Kemptide sequence to the 14-3-3 domain, thereby indicating where PKA is active. The FRET emitted by this construct is initiated by PKA and is likely terminated by an uncharacterized phosphatase. Thus, this signal represents the lifetime of phosphate for a single type of PKA substrate. As a cell model for assessing the nature of PKA activity gradients during migration, we utilize the cAMP-sensitive Clone A migration model. Clone A cells adhere to and migrate randomly on laminin-1 by signaling through the ␣2␤1 and ␣6␤4 integrins (27) . Migrating Clone A cells form a polarized morphology in which the leading edge is marked with a ruffling lamellipodium. Timelapse videomicroscopic analysis of these cells shows that cells migrate in a forward direction toward the lamellipodial ruffle. If multiple lamellipodia are present, one will eventually become dominant, and the cell will move in the direction of the new dominant lamellae (data not shown). Therefore, we are able to identify migrating cells by the presence of a lamellipodial ruffle which signifies the leading edge and retraction fibers at the trailing edge.
To determine the spatial distribution of cAMP/PKA activity, Clone A cells transfected with either AKAR1, a non-phosphorylatable mutant (S475A) of AKAR1, CFP-only, or YFP-only constructs were allowed to migrate on laminin-1 and then fixed. Lamellar area quantification of cells transfected with AKAR1 and untreated cells notably shows that cells expressing the AKAR1 construct display no differences in morphology when compared with untreated cells (n for each condition equals 20; data not shown). Cells expressing levels of construct sufficient for good resolution of fluorescent signal in the lamellar region were then imaged using a confocal microscope with a three-filter set for the determination of sensitized acceptor emission or corrected FRET (Fc) (20, 21) , as detailed under "Experimental Procedures." Correction coefficients for bleedthrough were calculated from cells transfected with CFP or YFP alone. This method of obtaining FRET values has been proven to generate high resolution images (20, 28) that are independent of the photoconversion of YFP into CFP-like species that occurs during acceptor photobleaching experiments (29). The Fc value was then normalized to the local concentration of construct and reported as a ratio with acceptor emissions (Fc/YFP) as previously suggested (19) , permitting a more accurate readout for PKA activity. Under wide-field optics, the larger volume and, thus, higher fluorescence within the cell body caused light scattering that prevented definition of cell borders and lamellar structures. Therefore, confocal analysis was necessary to obtain proper resolution. As shown in Fig. 1A , Clone A cells induced to migrate on laminin-1 show a higher Fc/YFP signal within lamellae with a marked gradient of increasing intensity culminating at the leading edge, indicating higher PKA activity in this region and the presence of a gradient of PKA activity (representative of 14 of 15 cells imaged). Further analysis of line scans within the image show graphically that the Fc/YFP ratio increases dramatically in the lamellae area, demonstrating that PKA activity is spatially distributed within the cell during migration.
To confirm that the observed gradients in Fc/YFP signal are specific to PKA activity and not a result of cell processing, image handling, or phosphorylation of AKAR1 from another kinase, several controls were performed. Initially, cells were transfected with the S475A mutant of AKAR1 that cannot be phosphorylated by PKA and, therefore, should not emit FRET as demonstrated previously (18) . Cells plated on laminin-1 that were chosen for analysis were morphologically similar to those expressing the AKAR1 construct and were processed in an identical manner. In Fig. 1B we show that cells expressing the S475A mutant construct displayed very low FRET and were devoid of any apparent gradient in the residual signal, as shown by the Fc/YFP panels (representative of 7 of 7 cells analyzed) and line scan graphics and region analysis. Next, we sought to confirm that the FRET signal observed was specific and a direct result of PKA activity. For these experiments we treated AKAR1-expressing cells with PKA-specific inhibitors, H-89, and the naturally occurring PKI before and during migration on laminin-1. Clone A cells are unique in the fact that they continue to form lamellae and membrane ruffles under conditions in which PKA is inhibited, as they utilize RhoA for these processes and not Rac1 (26) , which requires PKA activity to function (6, 7, 30) . Therefore, the contributions of PKA to the FRET signal in AKAR1-expressing cells can still be monitored in lamellar structures. Here, we find that cells treated with H-89 ( Fig.  1C ; representative of 10 -12 cells imaged) or PKI ( Fig. 1D ; representative of 7 of 9 cells imaged) show minimal FRET and no PKA activity gradients similar to cells expressing the S475A AKAR1 mutant.
Notably, the PKA activity gradients are present predominantly in the lamellae (ϳ0.1 m in thickness) where the cell volume is less than the optical sections taken within the cell body (0.8 m thick). To confirm that our results are not a consequence of changes in the intracellular concentration of AKAR1 or the shallow depth at the periphery, we performed region analysis of cells. Regions 1 and 2 where chosen to contain similar YFP intensities where region 1 is present in the cell body and region 2 is found near the leading edge. Region 3 was chosen at the leading edge and contains the same area as regions 1 and 2. As shown in the histograms in Fig. 1A , we observe that region 2 contains an increased average Fc/YFP intensity compared with region 1 in untreated cells. Region 3 in these cells displays even higher Fc/YFP intensity, thus confirming the presence of a gradient. In contrast, the S475 construct-transfected cells or H89 or PKI-treated cells show no change or a decrease in FRET intensity between regions. Collectively, these data confirm that the FRET signal detected with AKAR1 in migrating cells is specifically due to the PKA phosphorylation of the AKAR1 construct and is in agreement with the specificity demonstrated by the original characterization of AKAR1 (18) .
To determine whether PKA activity gradients exist vertically within the lamellipodium, we analyzed serial confocal sections of migrating Clone A cells expressing the AKAR1 construct at 0.2-m intervals. As depicted in Fig. 2 , the gradients are found primarily within the basal most section. These data demonstrate that the PKA activity gradients are tightly associated with the basal plasma membrane within close proximity to the regions where new integrin contacts are being made during the migratory process. These observations suggest that cAMP/activated PKA gradients form dorsal-ventrally within the lamellipodium as well as from the leading edge-rearward.
Next we sought to determine which signaling components known to regulate cAMP signaling are involved in the formation of these PKA activity gradients. Tissue-specific expression and compartmentalization of PDEs are expected to control cAMP gradients in all cell types and influence the integration of signaling pathways (31) . Importantly, PDE activity has been previously shown to be important for cell motility (5, 26, 32) . To investigate how PDEs influence cAMP gradient formation, AKAR1-expressing Clone A cells were treated with the broad spectrum PDE inhibitor IBMX, plated on laminin-1, fixed, and submitted to confocal analysis to determine FRET. As shown in Fig. 3A , we find that cells treated with IBMX (11 of 11 cells analyzed) also display PKA activity gradients as indicated by the high Fc/YFP intensity within cellular protrusions compared with the body of the cell. Linescan and region analyses of the Fc/YFP ratio (Fig. 3A, lower panels) reveal that the degree of the PKA gradient is comparable with untreated cells. However, cells no longer display a polarized distribution of PKA activity; that is, the gradient is not restricted to a single side or leading edge but is found all along the periphery of the cell (compare Fig. 1A to 3A) . This observation is in accordance with a loss of cell polarization and subsequent reduction in directed cell motility that has previously been reported by PDE inhibition (5, 26, 32) .
The normalized FRET index or the apparent FRET efficiency (Fc/YFP) is not a direct measurement of the FRET efficiency and, therefore, can only be used to determine how differences in activity are distributed within a cell. For this reason we measured the total PKA activity levels in cells utilizing a pseudosubstrate affinity precipitation assay that was recently developed to assay active PKA. This assay is based on the ability of an active kinase to bind a pseudosubstrate such as that found in the nat- urally occurring PKA inhibitor PKI. The pseudosubstrate region of PKI contains a serine to alanine substitution in the PKA consensus phosphorylation site; therefore, it binds the PKA active site with high affinity. With this assay, we use a fusion protein which contains the PKI pseudosubstrate domain peptide fused to glutathione S-transferase and bound to glutathione beads to precipitate out active PKA from cell lysates and give a read-out of the percentage of active kinase found within the cell population. The principle of this assay has been validated and found to be more sensitive than traditional radioactivity-based kinase assays (24) . Using the pseudosubstrate affinity assay, we find that ϳ40% of the total PKA is active when cells are treated with the PDE inhibitor IBMX (Fig. 3C) . Because increases in cAMP resulting from PDE inhibition and subsequently PKA activation are reliant on basal cAMP synthesis (14, 15), we used co-stimulation with forskolin to achieve full activation of PKA (Fig. 3C) . In cells co-stimulated with IBMX and forskolin, PKA activity gradients were completely disrupted (representative of 7 of 8 cells imaged), as shown by line scan and by region analysis, and cell spreading and polarization were dramatically altered (Fig. 3B) . These data suggest that the PKA activity gradients may exist as a result of limited diffusion of cAMP after synthesis rather than the spatial distribution of the PKA catalytic subunits themselves.
To confirm that our FRET data are representative of other PKA substrates, we turned to immunohistochemistry using phospho-PKA substrate-specific antibodies as has been described previously (33) . For these experiments Clone A cells were left untreated or pretreated with H-89, IBMX, or IBMX plus forskolin before plating on laminin-coated coverslips and then immunostained with phospho-PKA substrate-specific antibodies. As shown in Fig.  4 , H-89 treatment reduces, although does not completely eliminate, immunostaining for the phospho-PKA substrate, whereas IBMX and IBMX plus forskolin treatment dramatically enhances immunoreactivity. These observations are quantified using regional analysis comparing staining intensity of the cell body (region 1) to that of the periphery (region 2). These controls demonstrate that the staining with phospho-PKA substrate antibody changes appropriately with conditions that alter PKA activity. In the untreated cells we find substantial immunoreactivity in the lamellae, although it appears less intense than the cell body. However, even under confocal conditions, the section of the cell body imaged is substantially thicker than the lamellae. This is evidenced by the ϳ7-fold differences in YFP intensity between the lamellae and cell body (Fig. 1A, bar graphics) . These observations suggest that the total phospho-PKA substrate concentration of the lamellae is higher per unit cytosol than that of the cell body. 25 M forskolin or left untreated were plated on laminin-1-coated dishes for 30 min then extracted, and active PKA levels relative to total PKA were measured using a pseudosubstrate affinity assay. Glutathione S-transferase-PKI bound PKA (Active) and lysate controls (Total, representing 10% input) were immunoblotted for the PKA catalytic subunit and then quantified (graphs). Note that immunoblots are from the same gel, same exposure. Representative data are shown.
Recently, Howe et al. (7) showed that PKA activity and RII subunits accumulate in pseudopodial extensions of growth factor-stimulated fibroblasts. Furthermore, they show that this accumulation is dependent upon PKA anchoring proteins. To determine whether PKA anchoring is instrumental in the formation of PKA activity gradients, we utilize stearated peptide stHt31, which perturbs RII subunit binding to AKAPs and prevents PKA anchoring, and the control peptide stHt31P, which differs in sequence from the stHT31 peptide by two isoleucine to proline substitutions (34) . As shown in Fig. 5A , the stHt31P control peptide does not inhibit cell polarization and maintains the PKA activity gradients observed for untreated cells (observed in 6 of 6 cells imaged). However, stHt31 anchoring inhibitor peptide effectively blocks the formation of cell protrusions and prevents the formation of PKA activity gradients ( Fig.  5B; (representative of 7 of 9 cells imaged). Importantly, treatment of cells with these peptides does not significantly alter overall cellular PKA activity levels, as shown in Fig. 5C , but rather its distribution. These data strongly suggest that cAMP accumulation coupled with PKA anchoring is responsible for the generation of PKA gradients.
Next, we sought to determine which AKAPs may be involved in PKA activity gradient formation. Because of the localization of these gradients close to the basal plasma membrane and the effects of PKA on the actin cytoskeleton, we focused our attentions on plasma membrane and actin cytoskeletal-associated AKAPs. Using RII overlay methodology and immunoblot analysis, we find that Gravin and AKAP-KL are not expressed in Clone A cells, but AKAP-Lbc, Yotiao, and Ezrin are present (data not shown). Because Yotiao is associated with specific ion channels (14, 35, 36) and Ezrin is preferentially associated with membrane ruffles (37), we focused our attentions on the actin cytoskeleton-associated AKAP-Lbc. AKAP-Lbc is a 312-kDa protein which functions as a guanine nucleotide exchange factor for RhoA downstream of lysophosphatidic acid (38) . Notably, the Ht31 peptide used to disrupt PKA anchoring is derived from the RII subunit binding domain of AKAP-Lbc (34) . For these experiments we used empirically determined individual siRNAs to silence the expression of AKAP-Lbc. With successful suppression of AKAP-Lbc, we plated Clone A cells on laminin, stained cells with TRITC-phalloidin, and quantified lamellar area as previously reported (26) . Untreated cells, cells treated with NT siRNA, and cells treated either with AKAP Lbc siRNA 3 or AKAP-Lbc siRNA 5 spread similarly and presented with comparable lamellar area (data not shown).
Clone A cells were then co-transfected with the AKAR1 construct and either NT siRNA or the individual AKAP-Lbc siRNAs and compared with cells transfected with AKAR1 alone. FRET analysis reveals that AKAR1 only and AKAR1 plus NT siRNA-transfected cells display strong PKA activity gradients at the leading edge of the cell (Fig. 6A, left panels) . The FRET efficiency (Fc/YFP) observed along a representative arrow traced inside the cell is graphically represented below the respective cell image. Cells treated with individual AKAP-Lbc siRNAs, in contrast, showed substantially less PKA activity within the lamellae, as evidenced by the reduced slope of the FRET efficiency versus distance curve when compared with the controls (Fig. 6A, right panels) . Silencing of AKAP-Lbc expression was confirmed by immunoblot analysis (Fig. 6B) . To verify that the decrease in gradient observed is representative, we calculated the average slope of the Fc/YFP versus distance curve using multiple cells under each condition. As depicted in the histogram plot (Fig. 6C) , the average slope for untreated (n ϭ 20) and NT siRNA-treated (n ϭ 19) cells are 0.55 and 0.50, respectively, whereas for AKAP Lbc siRNA 3 (n ϭ 11) or AKAP-Lbc siRNA 5 (n ϭ 9)-treated cells they are, respectively, 0.23 and 0.20. Similar results were obtained using the Dharmacon siRNA SMARTPool (n ϭ 22), which yielded a slope of 0.22 (data not shown). Collectively, these data demonstrate that AKAP-Lbc contributes substantially to the formation of PKA activity gradients.
Next we sought to determine how the silencing of AKAP-Lbc expression affects cell migration. For these experiments, control and siRNA-treated cells were subjected to haptotactic migration on laminin-1. As shown in Fig. 6D , a significant decrease (30 -40%) in migration was observed with the siRNAmediated reduction of AKAP-Lbc expression. These data are in accordance with the observation that AKAP-Lbc ablation diminished, but does not abolish, the formation of PKA activity gradients for cells migrating on laminin.
To confirm that the existence of PKA activity gradients exists in other cell types undergoing different forms of migration, we analyzed MDA-MB-231 cells stimulated with LPA. MDA-MB-231 breast carcinoma cells migrate efficiently toward LPA (39) . Their chemotactic migration toward LPA is inhibited by both PKA and PDE inhibition using H-89 or PKI and IBMX, respectively (data not shown). To determine whether PKA activity gradients also exist in these cells, cells were left untreated or stimulated with 100 nM LPA for 15 min. Unlike untreated cells, LPA-stimulated MDA-MB-231 cells showed a high concentration of phospho-PKA substrate at the leading edge compared with the cell body (Fig. 7) . Together, these data suggest that PKA activity gradients exist in migrating cells and are properly positioned to influence signaling events at the leading edge of migrating cells.
DISCUSSION
Previous studies have suggested that PKA activity can either facilitate or inhibit actin cytoskeletal organization and cell migration. This pleiotropic role of PKA suggests a significant degree of complexity for regulation of PKA activity during cell migration. We and others (6 -9) have suggested that PKA activity gradients exist in migrating cells to facilitate polarization of cells and proper spatial signaling for the organization of distinct actin cytoskeletal structures. The first solid evidence that PKA activity is compartmentalized in migrating cells came from Howe et al. (7) . They demonstrated a polarized enrichment of PKA regulatory subunits and activity to the protrusive, lamellipodial structures formed during fibroblast chemotactic migration. This enrichment of RII␣ and PKA activity correlated with an increased level of phosphorylation of the PKA substrates VASP and PTP-PEST. Our data conclusively demonstrate the existence of PKA activity gradients in single migrating cells and that these gradients are properly localized to influence key regulators of actin cytoskeletal reorganization within the lamellae. Furthermore, we find that these gradients are found in close proximity to where integrins interact with the extracellular matrix. These data are in accordance with recent findings using a membrane-targeted pmAKAR3 construct that PKA activity is highest at the leading edge in cells migrating on a fibronectin substrata using ␣4␤1 and ␣5␤1 integrins (33) . Combined with our work where we use laminin and collagen matrices, these observations suggest a universal integrin involvement in the formation of PKA activity gradients. Importantly, integrin extracellular matrix receptors have been implicated in control of cAMP and PKA through the activation of PDEs (5), stimulation of cAMP synthesis (40) , and association with PKA anchoring (41) . Our study further clarifies how the PKA activity compartmentalization and gradient are mediated in migrating cells. In total, our data suggest that PKA anchoring coupled with cAMP synthesis and limited diffusion of cAMP is responsible for the generation of PKA gradients, whereas PDE activity restricts the formation of the gradient to the leading edge within migrating cells.
Although the role of AKAPs in cell migration has been conceptually linked, how specific AKAPs contribute to cell migration is not well understood. Importantly, we find that a single AKAP, namely AKAP-Lbc, can play a substantial role in the formation of PKA activity gradients and, ultimately, cell migration. Previous studies on AKAP-Lbc have primarily investigated its role in RhoA regulation (38, 42) and the activation of other protein kinase cascades (43) . The role of its AKAP function in this context involves the negative feedback regulation of RhoA where PKA phosphorylation of AKAP-Lbc blocks its guanine nucleotide exchange factor function through the mobilization of a 14-3-3-dependent pathway (44, 45) . We find that AKAP-Lbc does not appear to function as a Rho guanine nucleotide exchange factor in unstimulated Clone A cells in response to laminin binding 4 despite the fact that Clone A cells activate and require RhoA during laminin-1-mediated migra- tion (26) . Therefore, we postulate that the role of AKAP-Lbc in cell migration in the current study is mediated primarily through its kinase anchoring function rather than its guanine nucleotide exchange factor functions. This finding is consistent with another role of this anchoring protein in the heart, where its kinase anchoring function predominates over guanine nucleotide exchange factor activity in the coordination of signaling events that regulate the onset of cardiac hypertrophy (46) . We further suggest that AKAP-Lbc serves to couple PKA to other PKA targets relevant to cell migration. AKAP-Lbc ablation does not, however, completely obliterate PKA activity gradients in the manner of the Ht31 peptide. This suggests that other AKAPs may also contribute to localized PKA activity during cell migration. Other candidate AKAPs include WAVE-1 and Ezrin. WAVE-1 is a major actin cytoskeletonassociated AKAP (47) that is recognized to play a critical role in cell migration through actin cytoskeletal rearrangement. Specifically, WAVE-1 acts as the molecular scaffold to couple the Arp2/3 complex and Rac1 small GTPase to the formation of the actin meshwork within lamellae (48) . Ezrin is a membrane-associated AKAP also recognized as a mediator of cell migration through its functions at the leading edge (49, 50) . Yotiao is also a viable candidate, as it is found on the plasma membrane where it is recognized to influence ion channel activity (14) . Future studies are needed to determine what other AKAPs may be involved in PKA activity gradient formation and mechanistically how they contribute specifically to the spatial events that control cell motility.
An interesting finding of our study is that PDE activity is not involved in the formation of PKA activity gradients but, rather, is critical for restricting where these gradients can form. We find that cells that are migrating display PKA activity gradients that are restricted to the leading edge of the cell and within the lamellae. Under conditions where PDEs are inhibited and basal PKA activity levels are elevated, PKA activity gradients are no longer polarized yet still form most likely due to the diffusion of cAMP away from the plasma membrane. Because PKA is understood to control key signaling events at the leading edge, the disruption of this polarization of PKA gradients would cause a loss of directionality and, thus, impede cell migration. This concept is supported by previous studies on the essential role of PDEs during cell polarization and migration (5, 26, 32) . This observation is contradictory to the proposed role of PDEs in gradient formation based on computer modeling (51) and experimental models showing that PDEs restrict cAMP diffusion (15, 52) ; however, it is supported by other studies that demonstrate that PDEs are essential to restrict cAMP/PKA signaling spatially (53) (54) (55) . PDEs are known to be either cytosolic or anchored to other molecules such as AKAPs (14, 31) . The co-distribution of both enzyme classes underscores the transient nature of the cAMP response. Type 4 PDEs, which can specifically degrade cAMP, have been reported to bind several different AKAPs (14, 16) . Furthermore, adenylyl cyclases have been shown to be dynamically regulated by associated AKAPs as recently shown with adenylyl cyclase V/VI (56) . If select AKAPs can serve as molecular scaffolds to bring together PDEs and adenylyl cyclases, the presence of the PDEs at the site of cAMP generation could influence the threshold of cAMP generation needed to activate PKA, lead to a PKA activity gradient, and thus, influence the polarization process. Deciphering exactly how PDEs contribute to PKA activity compartmentalization and gradient formation will certainly require further study.
Although we interpret our results throughout our study as evidence of PKA activity gradients, the AKAR1 FRET reporter construct actually reports the lifetime of a single phosphate which is initiated by PKA and terminated by a phosphatase. Ultimately, it is the phosphate attached by PKA that mediates the signaling events downstream of PKA. We and others have implicated PKA as a critical kinase during directed migration through the phosphorylation of select substrates (6 -9) . How this is balanced by its phosphatase counterpart during cell migration is not understood. Interestingly AKAPs are known to anchor phosphatases as well as kinases (14) . It is an intriguing concept that select AKAPs could serve as focal points for initiation and termination of the phosphorylation of PKA substrates through its kinase and phosphatase anchoring, respectively, to keep PKA signaling transient. How phosphatases impact this system will be an important topic for future studies.
Together with previous observations regarding the role of PKA activity in cell migration, we propose the following model. During cell migration, de novo engagement and clustering of ␤1 integrins occurs at the leading edge. Upon integrin engagement, adenylyl cyclases are stimulated (40) . Then PKA anchored to select AKAPs, such as AKAP-Lbc as shown here, in close proximity to integrin complexes (41) , and the associated actin cytoskeleton is activated. Because of its transient nature (6) , this PKA activation through integrin ligation is restricted to the leading edge. The polarization of PKA activity is controlled through the localized excitation of adenylyl cyclases and anchored PKA near integrin receptors, and through the global inhibition of PKA controlled through the degradation of cAMP by PDEs. This idea of the global inhibition and local excitation of PKA would be similar to phosphoinositol triphosphate gradients that are required for chemoattractant gradient sensing in Dictyostelium and neutrophils (57) . This localized PKA activity would then exert its effects on distinct targets. An example of such a target is RhoA, which is inhibitable by PKA (26, 58 -60) . In Clone A cells (26) as well as other cells of epithelial origin (61) (62) (63) , RhoA localizes on the plasma membrane of nascent lamellipodia during cell migration (26, 63) , where it is understood to be activated (64) . This localization is distinct from that noted for PKA activity, suggesting that PKA and RhoA activities are spatially separated at the leading edge, which would help to restrict the actions of RhoA. Although all modes of cell migration may not require each of these signaling intermediates, other candidates for PKA regulation at the leading edge include cdc42, Rac, PTP-PEST, Csk, Rap1, myosin light chain, and VASP-Abl complexes (for a review, see Ref. 8) . The proper localization and actions of these proteins would then allow for the formation of actin cytoskeletal structure that is required for actin-mediated cell protrusions and stabilization of lamellae. Two recent studies have implicated PKA in the activation of the phosphatidylinositol 3-kinase (PI3K) pathway, suggesting that PKA may actually set up the polarization of PI3K activity at the leading edge to facilitate directional migration (33, 65) As a result, we suggest that PKA activity represents one of several complementing ways to distinguish the leading edge from the rest of the cell, a process that is required for directed cell migration (1) .
In summary, our study demonstrates the existence of PKA activity gradients in migrating cells and that these PKA activity gradients are mediated by the coordinated actions of cAMP synthesis and PKA anchoring through specific AKAPs such as AKAP-Lbc, whereas PDE activity is important for the polarization of these gradients.
